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A  set  of  20  commercially  available  nanodiamond  samples  of  eight  manufacturers  of  various  countries,  which  are 
most  frequently  used  in  basic  and  applied  studies,  was  analyzed  for  the  concentration  of  Hg.  Conditions  of  mer¬ 
cury  determination  by  flameless  atomic  absorption  spectroscopy  with  thermal  sample  decomposition  (pyrolysis) 
at  800  °C  were  proposed  and  confirmed  by  wavelength-dispersive  X-ray  fluorescence  analysis.  It  was  found  that 
nanodiamonds  have  a  significant  diversity  of  amounts  of  mercury,  from  20  pg/kg  to  higher  than  0.7  g/kg.  Thus, 
the  need  to  control  Hg  impurity  in  nanodiamonds,  especially  for  biological  and  medical  research,  was  demon¬ 
strated.  The  precision  of  flameless  pyrolysis  atomic  absorption  determination  of  mercury  in  nanodiamonds  is 
discussed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Unique  properties  of  new  allotropic  forms  of  carbon— fullerenes, 
nanotubes,  and  nanodiamonds— find  various  applications  in  state-of- 
the-art  branches  of  science  and  technology.  Nanodiamonds  (NDs)  are 
very  promising  materials,  especially  for  biomedical  applications  [1],  ca¬ 
talysis  [2,3],  and  as  new  sorbents  [4-7].  They  can  be  used  as  fluorescent 
agents  [8-10]  in  clinical  diagnostics,  as  platforms  for  drug  delivery  [11, 
12],  as  enterosorbents,  diagnostic  sensors,  in  cellular  surgery,  anticancer 
therapy,  and  many  other  areas  [1  ].  ND  biocompatibility  has  been  inten¬ 
sively  investigated  recently  [13].  Low  ND  toxicity  was  shown  for  neu¬ 
rons  [14],  stem  cells  [15],  pulmonary  epithelium  [16,17],  blood  cells 
[18],  fibroblasts  [16,17],  ovary  tissues  [19]  etc. 

In  fact,  ND  properties  that  are  crucial  for  medical  and  high  techno¬ 
logical  uses  (aggregate  size,  surface  groups,  optical  and  colloidal  proper¬ 
ties,  etc.)  depend  on  their  production  and  purification  technology.  In 
particular,  it  is  very  important  to  know  the  impurity  composition  pre¬ 
cisely  because  some  chemical  elements  may  be  hazardous  even  in 
trace  quantities,  especially  when  they  are  present  in  nanomaterials.  Im¬ 
purities  in  detonation  NDs  have  various  nature  like  metal-oxide  micro¬ 
particles,  carbides,  silicon  dioxide,  or  insoluble  salts  as  well  as  cations 
and  anions  adsorbed  at  the  ND  surface  [20-22].  These  impurities  appear 
due  to  the  interaction  of  the  blast  wave  with  the  walls  of  the  detonation 
reaction  chamber  (Fe  and  Cr)  or  from  the  explosion  initiation  (Cu,  Pb, 
and  Hg)  [21],  and  adsorbed  [23]  on  already  formed  nanodiamonds 


Abbreviations:  ND,  nanodiamond ;  FPAAS,  flameless  AAS  coupled  with  pyrolysis 
WDXRF;  WDXRF,  wavelength  dispersive  X-ray  fluorescence. 
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from  liquids  (acids  and  water)  used  for  their  isolation  from  the 
detonation-chamber  charge  [22,24]. 

Currently,  traceability  is  one  of  the  most  topical  problems  of  ND 
technology  [25].  Development  of  analytical-monitoring  techniques  is 
the  first  crucial  step  to  make  ND  properties  traceable  and  to  improve 
and  advance  the  required  technologies. 

The  first  step  is  to  check  the  content  of  metals  and  nonmetal  ele¬ 
ments,  as  even  in  small  amounts,  they  can  have  a  significant  impact 
on  the  biological  and  catalytic  processes.  In  addition,  they  also  change 
the  properties  of  the  nanodiamonds,  such  as  their  thermal  and  oxida¬ 
tive  resistance  [26,27].  Until  now,  not  much  attention  was  focused  on 
multielement  chemical  analysis  of  NDs,  although  its  importance  was 
declared  from  the  very  start  of  ND  research.  Probably,  this  situation  is 
due  to  a  need  to  strictly  monitor  the  purity  of  the  preparation,  while 
ND  traceability  is  still  not  achieved  [25].  Recently,  Nesterenko  has 
presented  a  rather  deep  study  of  the  elemental  composition  of  NDs 
using  inductively-coupled  plasma  mass-spectrometry  [28]  and  we 
made  a  survey  of  the  most  common  types  of  NDs  using  ICP-AES  [29]. 
Still,  mercury  determination  in  NDs  is  topical  due  to  its  low  least  toler¬ 
able  amounts.  However,  to  understand  the  problem  in  full,  a  large  vari¬ 
ety  of  NDs  is  required.  Thus,  the  aim  of  this  study  is  to  make  a  survey 
study  of  mercury  in  NDs  for  the  most  common  commercially  available 
ND  products  (Table  1). 

Another  thing  is  to  select  a  method  for  such  a  survey,  and  there  is 
still  a  need  for  traceable  and  reliable  analytical  tools  for  ND  impurity 
characterization.  One  of  the  most  common  methods  for  the  determina¬ 
tion  of  trace  mercury  is  atomic  absorption  spectrometry  (AAS)  due  to  its 
high  precision  and  availability,  which  is  better  than  ICP-AES,  and  this 
method  provides  much  simpler  procedures— compared  to  ICP-MS— 
giving  reliable  results.  However,  its  widespread  variant,  cold-vapor 
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Table  1 

Nanodiamonds  used  in  the  survey. 


NDs  product  name 

Description 

Manufacturer 

RUDDM  (l)a 

Modified  nanodiamond  material  of  RUDDM  grade,  fraction  0-150 

“Real-Dzerzhinsk”  Ltd.,  Dzerzhinsk,  Russia 

RUDDM  (2)a 

RUDDM  (3)a 

RUDDM  non-fractionated 

Modified  nanodiamond  material  of  RUDDM  grade,  non-fractionated 

RDDM 

Modified  nanodiamond  material  of  RDDM  grade,  fraction  0-0.125 

SDND 

Single-digit  NanoDiamonds 

PlasmaChem  GmbH,  Germany 

WND 

WND 

NanoPure-GOl 

NanoPure-GOl 

NanoAmando  2009a 

NanoAmando 

NanoCarbon  Research  Institute  Co.,  Ltd.,  Japan 

NanoAmando  201 2a 

UDA-TAN 

DNA-TAN 

“Tekhnolog”  Special  Construction-Technological  Bureau, 

UDA-STP 

DNA-STP 

St.  Petersburg,  Russia 

UDAG-S 

UDAG-S,  diamond-carbon  powder 

The  Laboratory  of  ultradispersed  diamonds  of  Joint  Stock 

UDA-S 

UDA-S,  ultradispersed  diamond  powder 

Company  Federal  Research  and  Production  Center  ALTAI, 

UDA-S-GO 

UDA-S-GO,  ultradispersed  diamond  powder  of  deep  purification 

Biysk,  Russia 

UDA-SP 

UDA-SP,  ultradispersed  diamonds 

JSC  “SINTA”,  Minsk,  Republic  of  Belarus 

UDA-GO-SP 

UDA-GO-SP,  deep  purified  ultradispersed  diamonds 

UDA-GO-SP-M1 

UDA-GO-SP-M1,  modified  ultradispersed  diamonds,  type  Ml 

UDA-GO-SP-M2 

UDA-GO-SP-M2,  modified  ultradispersed  diamonds,  type  M2 

UDD-Alit 

UDD,  Ultra  Dispersed  Diamond  powder 

“ALIT”,  Kiev,  Ukraine 

UDD-NanoGroup 

UDD,  Ultra  Dispersed  Diamond 

“NanoGroup  Co.”  Prague,  Czech  Republic 

a  Different  lots  of  one  trademark  obtained  at  different  times. 


AAS  based  on  atomic  absorption  of  Hg°  reduced  from  Hg2+  [30]  is  not 
suitable  well  when  a  direct  analysis  of  solid  matrices  is  required. 
Flameless  AAS  coupled  with  pyrolysis  ( FPAAS )  is  a  well-known  and  ad¬ 
vantageous  AAS  technique,  very  specific  and  sensitive  to  Hg  and  featur¬ 
ing  no  sample  pretreatment  and  free  from  matrix  interferences.  This 
technique  is  based  on  the  pyrolysis  of  the  sample  in  a  combustion 
tube  at  750-1000  °C  under  an  air  or  oxygen  atmosphere  and  subse¬ 
quent  detection  of  Hg  vapor  by  AAS  [31,32].  It  was  used  for  direct  deter¬ 
mination  of  mercury  in  various  samples:  geological  materials  [33],  soils, 
sediments  [31],  oil  [34],  biological  objects  [32,35,36],  foodstuffs  [37], 
medical  materials  [38,39],  and  cigarettes  [40]. 

Thus,  to  fulfill  the  aim  of  this  study,  we  selected  flameless  pyrolysis 
AAS  for  the  survey  quantification  of  mercury  in  nanodiamonds  with 
minimum  sample  preparation. 

2.  Material  and  methods 

The  measurement  results  are  presented  as  mean  values  with  confi¬ 
dence  intervals  in  accordance  with  the  requirements  for  the  compe¬ 
tence  of  testing  and  calibration  laboratories,  ISO/IEC  17025:2005  [41]. 
Calibration  parameters  were  calculated  according  to  the  IUPAC  1998 
recommendations  for  the  presentation  of  the  results  of  chemical 
analysis  [42]. 

2.1.  Nano  diamond  samples 

Commercially  available  NDs  were  used  throughout.  Trademarks, 
their  product  names,  and  manufacturers  are  listed  in  Table  1.  All  NDs 
are  dry  powders  except  SDND,  WND,  and  Nanopure  GO-1  materials. 
The  latter  samples  were  aqueous  dispersions,  which  were  dried  in  a 
heating  oven.  Si02  thin  powder  (silica  gel)  from  Reakhim,  Russia,  and 
Russian  State  Reference  Material  of  mercury  solution  (GSO  7343-96, 
Hg(II)  content  (1.00  ±  0.05)  g/L),  were  used  for  preparing  calibration 
mixtures  in  30-ml  polypropylene  vessels. 

The  control  of  trueness  in  accordance  with  the  requirements  of  ISO 
5725:1994  [43]  was  made  using  a  certified  reference  material— 
Russian  State  Reference  Material  of  a  soil  sample  with  a  certified  mercu¬ 
ry  content  (0.4  =b  0.1  ppm).  Deionized  water  (18.2  Mfl  x  cm)  from  a 
Milli-Q.  Academic  System  (Millipore,  France)  was  used  throughout  for 
solution  preparations. 


2.2.  Equipment 

An  RA-915+  Mercury  Analyzer  (Ohio  Lumex  Co.,  Russia)  with  a  RP- 
91 C  pyrolysis  accessory  (Lumex,  Russia)  was  used  for  FPAAS  mercury 
determination  in  dry  nanodiamond  samples.  RA-915+  is  a  portable 
multifunctional  atomic  absorption  spectrometer  with  Zeeman  high- 
frequency  modulation  of  polarization  for  background  correction  [36, 
44-46].  RP-91C  is  intended  as  an  accessory  for  thermal  decomposition 
of  solid  samples  at  800  °C  under  air  atmosphere  and  the  transformation 
of  bound  Hg  from  ionic  to  atomic  species  for  subsequent  determination 
with  a  RA-915+  analyzer.  The  attested  detection  limit  of  this  analytical 
system  is  0.5  jig/kg  (0.5  ppb)  at  200  mg  of  sample  [47].  The  analysis 
time  is  3  min  per  a  single  determination  including  sample  weighing, 
combustion,  and  cooling  combustion  tube.  Typical  decomposition  time 
was  about  1 5-40  s. 

A  HG63  Moisture  Analyzer  (Mettler-Toledo  AG  Laboratory  & 
Weighing  Technologies,  Switzerland)  was  used  for  water  content  deter¬ 
mination.  Samples  of  1  g  were  used  for  analysis;  drying  temperature 
was  at  105  °C.  The  automatic  “weight  loss  per  unit  of  time”  switch-off 
criterion  was  used  for  measurements,  when  drying  is  automatically 
ended  as  soon  as  the  mean  weight  loss  ( A  g  in  mg)  per  unit  of  time  (A 
t  in  seconds)  drops  below  a  preset  value.  A  SNOL  20/300  heating  oven 
(Snol-Term  Ltd.,  Russia)  was  used  for  the  evaporation  of  ND  (SDND) 
aqueous  dispersions.  An  Ohaus  Explorer  Pro  Analytical  Balance 
(Ohaus,  Switzerland;  max  weight  210  g,  repeatability  std.  dev.  0.1  mg) 
was  used  for  weighing  dry  powder  samples.  Automatic  Eppendorf  Re¬ 
search  pipettes  (Eppendorf  International,  Germany)  and  A-class  volu¬ 
metric  flasks  (ISOLAB,  Germany)  from  borosilicate  glass  with  a 
volume  of  (50.000  =b  0.060)  ml  were  used  for  diluted  mercury  solution 
preparation. 

To  confirm  the  presence  of  high  amounts  of  Hg  in  ND  samples,  we 
measured  the  X-ray  spectra  of  ND  powders  in  helium  mode.  A  Thermo 
Scientific  ARL  Advant'x  4200  wavelength-dispersive  X-ray  spectrome¬ 
ter  (Thermo  Scientific,  Switzerland)  with  OXSAS  X-ray  Fluorescence 
Analytical  Software  (Thermo  Scientific)  was  used  for  the  measurements 
of  X-ray  fluorescence  spectra.  To  implement  this,  the  samples  with  Hg 
contents  of  more  than  0.1  ppm,  according  to  FPAAS  (UDA-S,  UDA-S- 
GO,  and  UDAG-S),  and  a  sample  with  a  low  Hg  content  (RUDDM  non- 
fractionated)  were  placed  into  polypropylene  cells  with  Spectrolene- 
film  window  (6  pm,  Fisher  Scientific),  the  cells  were  placed  into  the 
sample  holder,  covered,  and  introduced  into  the  XRF  spectrometer. 
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The  fluorescence  of  the  Hg  La  line  was  measured.  Measurement  condi¬ 
tions  are  summarized  in  Table  2. 

2.3.  Procedures 

2.3 A.  Procedure  1.  The  calibration 

Modeling  calibration  mixtures  were  made  from  mercury-free 
Si02  powder  and  the  solutions  with  precisely  known  Hg(Il)  content. 
To  do  this,  5  ml  of  the  GSO  7343-96  mercury  solution  was  placed  into 
a  50-ml  volumetric  flask  and  diluted  (stock  Solution  1  with  a  mercu¬ 
ry  concentration  of  100  ppm).  Next,  5  ml  of  Solution  1  was  placed 
into  a  50-ml  volumetric  flask  and  diluted  (stock  Solution  2  with  a 
mercury  concentration  of  10  ppm).  Next,  the  necessary  amount  of 
Si02  (see  Table  3)  was  placed  into  polypropylene  vessels,  and  the 
necessary  volumes  of  the  stock  solutions  were  added  exactly  into 
the  powder.  Moreover,  10.000  g  of  clean,  mercury- free  Si02  powder 
was  placed  into  an  additional  vessel  (the  blank  mixture).  Next,  all 
powders  in  vessels,  including  blank,  were  put  into  the  heating  oven 
and  dried  at  35  °C  for  1  h.  Next,  vessels  were  closed  and  intensively 
mixed  by  handling  shaking  for  1  min. 

Weighed  portions  of  every  calibration  mixtures  (ca.  100  mg)  were 
placed  into  a  quartz  combustion  boat,  and  after  the  background  signal 
recording  was  started,  the  boat  was  inserted  into  the  oven  of  the  RP- 
91 C  accessory.  The  signal  was  measured  until  all  the  mercury  evaporat¬ 
ed  and  the  signal  returned  to  the  background  level.  Series  of  10 
replicates  were  made  for  the  blank  mixture  and  3  replicates  for  all  the 
test  samples. 

2.3.2.  Procedure  2.  Mercury  determination  in  samples  with  low  Hg  content 
Weighed  portions  (50-300  mg)  were  placed  into  a  quartz  combus¬ 
tion  boat  and  the  signal  was  measured  as  described  for  the  calibration 
above.  A  series  of  3  replicates  were  made  for  all  the  samples  (except 
those  diluted  with  Si02)  using  different  weights,  e.g.  100,  200,  and 
300  mg  of  the  sample. 

2.3.3.  Procedure  3.  Mercury  determination  in  samples  with  high  Hg  content 
Samples  with  high  mercury  content  (>10  ppm)  were  diluted  by 

mixing  with  Si02  powder.  To  do  this,  the  necessary  amount  of  Si02 
and  NDs  was  mixed  as  described  in  Table  4.  Next,  each  ND-Si02  mixture 
and  blank  Si02  was  measured  6  times  as  described  above  for  samples 
with  low  Hg  content. 

2.3.4.  Procedure  4.  Moisture  content  determination 

Moisture  contents  in  all  commercial  ND  were  determined  by  a 
thermogravimetry  moisture  analyzer.  For  this  part  of  each  sample  was 
placed  into  the  analyzer,  heated  to  105  °C,  and  kept  to  a  constant 
mass.  The  most  precise  automatic  switch-off  criterion  (a  fixed  weight 
loss  of  1  mg  per  140  s)  was  selected. 


Table  2 

Conditions  of  the  Hg  La  line  scan. 


Parameter 

Value 

Voltage,  kV 

60 

Current,  mA 

70 

Prime  beam  filter 

Al  0.5  mm 

Collimator 

0.25 

Crystal 

LiF200 

Detector 

SC 

Sample  rotation 

on 

Counting  time,  s 

4 

Start  scan  angle,  20° 

35 

End  scan  angle,  20° 

37 

Increment,  20° 

0.02 

Scan  type 

Fast  digital 

Pulse  height  discriminator  threshold 

30 

Pulse  height  discriminator  window 

90 

Table  3 

The  compositions  of  the  calibration  mixtures. 


Hg  content  in  calibration 
mixtures,  ppm 

Volume  of  the  stock 
Solution  2,  pL 

Volume  of  the 

stock  Solution 
l,pL 

Si02  weight,  g 

0.01 

10 

— 

10.000 

0.05 

20 

- 

4.000 

0.10 

20 

- 

2.000 

0.20 

40 

- 

2.000 

0.40 

60 

- 

2.000 

0.60 

120 

- 

2.000 

0.80 

160 

- 

2.000 

1.00 

- 

20 

2.000 

2.00 

- 

40 

2.000 

5.00 

- 

100 

2.000 

10.0 

- 

200 

2.000 

3.  Results  and  discussion 

The  analytical  signal  in  FPAAS  is  the  total  area  under  the  curve  re¬ 
corded  for  mercury  absorption  from  the  sample  (Fig.  1A).  Arbitrary 
units  are  given  at  the  vertical  axis,  as  peak  heights  do  not  bear  any  valu¬ 
able  analytical  information  in  FPAAS;  hence,  they  were  normalized.  The 
integration  was  carried  out  automatically  by  software.  Background  re¬ 
peatability  relative  standard  deviation  (RSD)  was  no  higher  than  3% 
(see  Fig.  2). 

This  view  of  a  signal  is  caused  by  an  increase  in  the  concentration  of 
mercury  in  the  vapor  when  the  sample  was  heated,  but  then  Hg  amount 
drops  down  and  the  signal  decreases.  As  seen  in  Fig.  1  for  a  sample  of 
Si02,  where  only  the  ionic  species  of  Hg  are  presented,  the  peak  has  a 
unimodal  shape.  The  same  reproducible  results  were  observed  for  the 
majority  of  ND  samples  but  several  samples  like  UDD-Alit  or  UDD- 
NanoGroup  had  bimodal  peak  shapes.  This  did  not  affect  the  Hg  deter¬ 
mination  as  the  total  area  is  used  for  calculations.  The  peaks  for  some 
of  the  test  samples  are  shown  in  Fig.  3. 

However,  the  peak  shape  gives  us  the  additional  information  about 
Hg  binding.  For  example,  in  the  case  of  a  bimodal  peak,  we  can  assume 
that  a  part  of  mercury  binds  to  the  ND  surface  stronger  than  the  rest, 
which  evaporates  easily.  If  we  continue  to  heat  the  sample,  no  new 
peak  appears,  as  shown  in  Fig.  IB.  In  this  experiment,  we  heated  a 
RUDDM  sample  for  5  min  and  continue  to  measure  the  signal.  For  this 
time,  the  sample  lost  more  than  50%  of  its  starting  weight.  For  compar¬ 
ison,  the  weight  loss  of  the  sample  during  the  time  when  mercury  evap¬ 
orated  was  no  more  than  5%.  This  proves  once  again  that  mercury 
impurity  is  concentrated  at  the  surface  of  ND  crystals. 

The  calibration  function  of  absorbance  A  vs.  concentration  of  Hg,  c 
(in  ppm)  made  using  Procedure  1  was  linear  and  for  the  range 
0-5.0  ppm  is  described  as: 

A  =  (2.90  ±  0.03)  x  103c,  r  =  0.9997,  n  =  31,  P  =  0.95,  (1) 

where  r  is  the  coefficient  of  correlation,  n  is  the  number  of  points  in  the 
calibration,  and  P  is  the  confidence  level. 

A  very  small  but  readily  detectable  signal  from  Si02  was  thoroughly 
measured  and  deducted  from  calibration-mixture  signals. 

To  verify  the  trueness  of  the  calibration  function  (Eq.  (1)),  we  ana¬ 
lyzed  a  standard  reference  material,  a  soil  containing  (0.4  ±  0.1)  ppm 
of  Hg.  From  our  calculations,  we  obtained  the  value  of  (0.45  ±  0.05) 

Table  4 


The  compositions  of  ND-Si02 

mixtures. 

ND  product 

Si02 

ND 

ND  content  in 

The  “dilution”, 

name 

weight,  g 

weight,  g 

mixture,  % 

times 

UDA-S-GO 

1.9050 

0.1000 

5.0 

20.1 

UDA-S 

1.9052 

0.1198 

5.9 

16.9 

UDAG-S 

5.9070 

0.0960 

1.6 

62.5 
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Fig.  1.  The  typical  view  of  FPAAS  absorbance  curves  for  mercury  measurements  of  ND 
samples.  (A)  Height- normalized  peaks  of  different  samples;  (B)  prolonged  exposure  of  a 
RUDDM  sample  inside  the  oven  with  simultaneous  recording  of  mercury  absorbance; 
the  area  of  the  peak  (the  analytical  signal)  is  shaded  for  convenience. 


ppm.  Thus,  according  to  ISO  5725:1994  [43]  we  obtained  a  correct 
result. 

Results  obtained  for  ND  samples  from  Eq.  ( 1 )  and  sorted  by  the  in¬ 
creasing  Hg  content  are  presented  in  Table  5.  It  sums  up  two  values 
for  every  sample:  for  air-dry  (sample  “as  is”  or  dried  at  30  °C)  and  abso¬ 
lutely  dry  samples.  To  obtain  the  second  value,  we  measured  the  mois¬ 
ture  content  and  recalculated  the  Hg  concentration. 

It  is  necessary  to  say  some  words  about  sample  moisture.  According 
to  our  data,  the  moisture  of  almost  all  samples  is  in  the  range  of  2-5%. 
After  moisture  measurements,  several  samples  were  left  in  air  and  re¬ 
measured  after  1  h.  In  this  case,  we  obtained  the  same  moisture  values. 
Beside  this,  we  observed  that  sample  weight  started  increasing  immedi¬ 
ately  after  heating  termination.  Therefore,  we  assumed  that  it  is  physi¬ 
cally  absorbed  water  vapor  from  the  surrounding  air  and  an 
equilibrium  value.  It  should  be  remarked  that  for  the  NanoAmando 
2009  and  2012  samples  we  obtained  water  contents  of  3.0  =t  0.1  and 
11.8  ±  0.3%,  although  the  manufacturer  gave  25  an  20%,  respectively 
(the  so-called  “hard  gel”  or  “hydrogel”  in  E.  Osawa’s  notation  [48]). 
This  means  that  the  “hard  gel”  is  not  stable  for  long  storage  times  after 


Fig.  2.  A  peak  showing  background  fluctuations  used  for  the  measurement  of  the  limits  of 
quantification. 


Time,  $ 


Fig.  3.  Peak  shapes  of  some  of  ND  samples  measured  in  this  study,  sorted  by  their  peak 
areas  (increasing  mercury  contents);  the  area  of  the  peak  (the  analytical  signal)  is  shaded 
for  convenience. 


opening  the  manufacturer’s  package.  Thus,  we  can  say  that  absolutely 
dry  samples  and  samples  with  excess  water  are  very  unstable.  Conse¬ 
quently,  if  it  is  necessary  to  prepare  ND  solutions  with  the  maximum 
precise  weight  concentration  or  to  determine  impurities  with  the  max¬ 
imum  accuracy,  water  content  should  be  measured  and  considered. 
Thus,  we  believe  that  both  values,  with  and  without  moisture  correc¬ 
tion,  are  useful  for  ND  characterization. 

Anyway,  for  all  the  range  of  ND  samples,  the  precision  of  the  deter¬ 
mination  of  mercury  is  high  and  at  a  level,  which  is  appropriate  for 
FPAAS.  Thus,  the  sample  preparation  of  ND  samples  for  mercury  deter¬ 
mination  is  very  simple  and  does  increase  the  determination  error.  As  a 
whole,  the  procedure  falls  within  the  rules  imposed  on  high-precision 
element  analysis  in  high-technology  materials  [49]. 

The  overall  range  of  Hg  contents  in  NDs  is  very  wide:  from  20  jug/kg 
to  more  than  0.7  g/kg.  The  most  Hg  contents  are  determined  in  UDAG-S 
type;  the  most  mercury-free  materials  are  RDDM.  This  can  be  results  of 
different  technology  and  storage  conditions,  and  different  washing  pro¬ 
cedures.  Anyway,  the  samples  UDA-S-GO,  UDA-S,  and  UDAG-S  with  Hg 
contents  over  10  ppm  seem  very  contaminated,  and  their  use  as  a  ND 
sample  should  require  a  procedure  for  purification  from  mercury.  The 
Hg  contents  in  the  10  samples  with  the  least  Hg  contents  (the  first  10 


Table  5 

Mercury  content  in  nanodiamond  samples  (n  =  3,  P  =  0.95). 


ND  product  name 


Moisture 
content,  wt.  % 


Mercury  content 

In  air-dry  In  absolutely  dry 

samples,  ppm  samples,  ppm 


RDDM 

1.3 

± 

0.1 

0.021 

db 

0.008 

0.021 

db 

0.009 

UDA-GO-SP-M1 

3.6 

± 

0.1 

0.023 

± 

0.002 

0.024 

± 

0.003 

UDD-NanoGroup 

6.6 

db 

0.2 

0.025 

db 

0.009 

0.027 

db 

0.010 

UDA-GO-SP-M2 

3.5 

± 

0.2 

0.026 

db 

0.003 

0.027 

± 

0.005 

UDD-Alit 

2.3 

± 

0.2 

0.028 

db 

0.008 

0.03 

± 

0.01 

SDND 

4.6 

db 

0.2 

0.028 

db 

0.004 

0.029 

db 

0.006 

NanoAmando  2009 

3.0 

db 

0.1 

0.035 

db 

0.005 

0.036 

db 

0.006 

NanoAmando  2012 

11.8 

± 

0.3 

0.035 

± 

0.003 

0.040 

db 

0.004 

UDA-GO-SP 

4.3 

db 

0.2 

0.038 

db 

0.007 

0.040 

db 

0.009 

RUDDM  3 

5.6 

db 

0.2 

0.042 

db 

0.005 

0.044 

db 

0.007 

RUDDM  2 

4.9 

± 

0.2 

0.042 

± 

0.009 

0.04 

db 

0.01 

RUDDM  non-fractionated 

5.0 

± 

0.2 

0.075 

± 

0.005 

0.079 

db 

0.008 

UDA-TAN 

2.9 

db 

0.1 

0.082 

db 

0.014 

0.09 

db 

0.02 

UDA-STP 

3.0 

db 

0.1 

0.195 

db 

0.007 

0.20 

db 

0.02 

WND 

7.0 

db 

0.3 

0.24 

± 

0.07 

0.26 

db 

0.08 

UDA-SP 

2.8 

db 

0.1 

0.46 

db 

0.06 

0.47 

db 

0.08 

GOl 

5.0 

db 

0.2 

1.6 

db 

0.2 

1.7 

db 

0.3 

UDA-S-GO 

5.0 

db 

0.2 

37 

± 

4a 

39.2 

db 

5.7a 

UDA-S-GO 

5.0 

db 

0.2 

42 

db 

2b 

45 

db 

4 

UDA-S 

4.9 

db 

0.2 

126 

db 

15b 

132 

db 

21 

UDAG-S 

2.2 

db 

0.1 

717 

db 

30b 

733 

db 

50 

a  This  value  was  calculated  from  the  extrapolation  of  the  calibration  function. 
b  Samples  were  diluted  with  Si02  as  described  in  the  text. 
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Wavelength,  nm 


Fig.  4.  Hg  La  lines  for  nanodiamond  samples:  RUDDM  non-fractionated  (blue),  UDA-S-GO  (black),  UDA-S  (green),  UDAG-S  (red).  See  Table  2  for  the  measurement  conditions.  The  figure 
was  directly  exported  from  OXSAS  software  (Thermo  Scientific).  Intensity  is  given  in  kilo-counts  per  second  (kcps). 


lines  in  Table  5)  show  that  the  Hg  concentrations  in  these  samples  are 
statistically  insignificant  from  each  other,  and  the  average  Hg  concen¬ 
tration  for  these  samples  is  (0.03  ±  0.02)  ppm. 

To  prove  the  results  for  FPAAS,  we  checked  the  mercury  concentra¬ 
tion  in  selected  ND  samples  (with  high  concentrations  of  Hg  obtained 
using  FPAAS)  with  wavelength-dispersive  XRF.  In  all  the  selected  sam¬ 
ples,  we  obtained  strong,  reliably  identified,  and  reproducible  peaks  of 
Hg  (see  Fig.  4).  Peak  heights  are  in  good  concordance  with  the  Hg  values 
from  FPAAS  measurements.  Nevertheless,  the  accuracy  of  quantitative 
XRF  determination  of  Hg  in  NDs  was  far  beyond  the  scope  of  this  man¬ 
uscript  and  is  a  theme  for  a  separate  research,  so  we  used  XRF  here  for 
qualitative  confirmation  of  our  results  only.  Quantitative  comparison 
of  FPAAS  and  ICP-AES  data  for  samples  UDA-S-GO,  UDA-S,  and  UDAG- 
S  can  be  found  in  [29]. 

4.  Conclusions 

Thus,  our  study  shows  that  the  amounts  of  Hg  in  NDs  are  very  differ¬ 
ent  depending  on  the  product  name  and  manufacturer.  So  a  wide  range 
is  not  expected  from  the  technology  conditions,  but  these  results  con¬ 
firmed  the  necessity  to  control  Hg  content  in  NDs.  Taking  in  the  values, 
120  and  especially  700  ppm  (0.7  g  Hg  per  kg  of  NDs)  are  very  high  in¬ 
deed.  Such  a  Hg  level  can  be  dangerous  not  only  for  cell  cultures  in  bio¬ 
logical  experiments,  but  even  also  for  people  working  with  this  material 
in  the  industry.  Nowadays,  there  are  no  standards  on  tolerance  quanti¬ 
ties  of  mercury  in  NDs,  and  this  study  shows  that  working  out  such  a 
standard  or  at  least  a  regulation  is  topical.  As  the  results  of  this  study 
show,  that  the  precision  of  flameless  pyrolysis  atomic  absorption  deter¬ 
mination  of  mercury  in  nanodiamonds  is  high,  this  method  can  be  rec¬ 
ommended  as  a  basic  method  for  routine  Hg  measurements  in 
nanodiamonds. 


Prime  novelty  statement 

The  first  time  mercury  was  determined  in  nanodiamonds,  the 
total  mercury  was  determined  in  20  samples  of  various  manufac¬ 
turers,  which  provides  a  survey  of  mercury  with  a  very  wide  range 
of  concentrations. 
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